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Introduction {#j_hukin-2016-0040_s_001}
============

Soccer is a sport with high-intensity actions of variable length and duration, interspersed with recovery periods, most of which last longer than 60 s ([@j_hukin-2016-0040_ref_011]). Usually, a shorter recovery time (≤20 s) is more frequent for central-midfielders, but this information may vary depending on the soccer team or the league competition ([@j_hukin-2016-0040_ref_011]). Although the total distance covered by each player has remained relatively constant over the last few years, the demand of physical efforts has increased due to greater high-intensity running and longer sprinting distance covered during matches ([@j_hukin-2016-0040_ref_006]). Consequently, due to both these efforts and the fatigue suffered by the player towards the end of the match, and temporarily after high-intensity periods ([@j_hukin-2016-0040_ref_008]), the ability to repeatedly produce maximal sprints with brief recovery periods (RSA) might be a relevant aptitude in soccer players ([@j_hukin-2016-0040_ref_036]).

Therefore, several researchers have tried to determine the factors of RSA performance in soccer players ([@j_hukin-2016-0040_ref_014]; [@j_hukin-2016-0040_ref_015]; [@j_hukin-2016-0040_ref_032]). It is suggested that a high muscle mass percentage and low adiposity are likely to be beneficial to physical performance of soccer players ([@j_hukin-2016-0040_ref_002]). However, the relationships between anthropometrics and RSA performance have been little studied ([@j_hukin-2016-0040_ref_009]; [@j_hukin-2016-0040_ref_010]). [@j_hukin-2016-0040_ref_010]) showed that changes in the sum of 7 skinfolds were negatively related to the changes in the mean time of the RSA test (RSA~mean~), and did not correlate with changes in the fastest sprint times (RSA~best~). These results could indicate that the negative effect of adiposity on RSA performance might be increased through sprint repetitions. However, to our knowledge, the relationships between the different anthropometric variables and RSA performance through sprint repetitions have not been investigated yet.

The relationship between VO~2max~ and RSA performance has been widely investigated ([@j_hukin-2016-0040_ref_003]; Castagna et al., 2007; [@j_hukin-2016-0040_ref_019], [@j_hukin-2016-0040_ref_014]). However, a previous study ([@j_hukin-2016-0040_ref_015]) reported that RSA was more strongly correlated with the velocity at which VO~2max~ was attained rather than the commonly measured VO~2max~. Low-moderate relationships (r = -0.05 to -0.71) between RSA~mean~ and more functional endurance tests have been observed ([@j_hukin-2016-0040_ref_015]; [@j_hukin-2016-0040_ref_019]). The number and length of the sprints, the recovery time between sprints as well as the methodology used to determine maximal aerobic capacity (field vs. laboratory tests) or the type of the endurance test performed (continuous vs. intermittent) might influence the magnitude of these relationships ([@j_hukin-2016-0040_ref_004]; [@j_hukin-2016-0040_ref_005]). To our knowledge, no previous study has analyzed the influence of a continuous vs. intermittent endurance test on RSA performance. Besides, the low-moderate relationships observed between soccer player´s endurance capacity and RSA performance suggest that factors others than aerobic fitness such as anaerobic performance might explain RSA performance in soccer players ([@j_hukin-2016-0040_ref_004]; Castagna et al., 2007). In this regard, previous studies have underlined significant relationships between RSA and vertical jump performance (r = .35 to .81) ([@j_hukin-2016-0040_ref_017]; [@j_hukin-2016-0040_ref_038]; [@j_hukin-2016-0040_ref_039]; [@j_hukin-2016-0040_ref_040]). Furthermore, the maximal sprinting speed has shown a great influence on RSA~best~([@j_hukin-2016-0040_ref_032]) and RSA~mean~ ([@j_hukin-2016-0040_ref_014]; [@j_hukin-2016-0040_ref_016]; [@j_hukin-2016-0040_ref_017]) suggesting that speed is the main predictor of overall repeated-sprint performance ([@j_hukin-2016-0040_ref_010]). On the other hand, although the magnitude of force generated during dynamic muscle contractions is related to sprint performance ([@j_hukin-2016-0040_ref_012]; [@j_hukin-2016-0040_ref_031]; [@j_hukin-2016-0040_ref_041]), the relationship between muscle strength and RSA performance has received little attention ([@j_hukin-2016-0040_ref_031]; [@j_hukin-2016-0040_ref_032]). To our knowledge, only one study ([@j_hukin-2016-0040_ref_032]) showed a significant relationship (*p* \< .05) between muscle strength and RSA~mean~ (r = -.52), RSA~best~ (r = -.76), and the mean of the first three sprint times (r = -.64); however, this relationship tended to disappear as the number of sprints performed increased. Thus, although many investigations have focused on the determinant factors of RSA performance in soccer players ([@j_hukin-2016-0040_ref_014]; [@j_hukin-2016-0040_ref_015]; [@j_hukin-2016-0040_ref_032]), and neuromuscular performance has been shown to be decisive for RSA ([@j_hukin-2016-0040_ref_034]), little is known about the evolution of the determinant factors when increasing the number of sprints performed in an RSA test. Consequently, the aim of the present study was to analyze the relationships between RSA and lower body strength, maximal sprinting speed, jumping ability, endurance capacity (intermittent and continuous), and anthropometric measures in professional soccer players. We hypothesized that a soccer player's lower limb strength would explain much of the performance in the first sprints, whereas aerobic capacity and adiposity would have more influence on the performance when the number of sprints increased.

Material and Methods {#j_hukin-2016-0040_s_002}
====================

Participants {#j_hukin-2016-0040_s_002_s_001}
------------

Twenty-one highly trained soccer players (age 24.3 ± 4.6 yr, body height 1.74 ± 0.07 m, body mass (BM) 73.1 ± 8.1 kg, fat mass (FM) 11.4 ± 1.5%, muscle mass (MM) 48.7 ± 1.8%) from a professional Moroccan soccer club volunteered to participate in this study. Typical weekly training for this team included: specific soccer training (5 sessions), physical conditioning (3-4 sessions, of which 2 consisted of strength training) and competitive play (1 game per week), totaling approximately 16 h per week on average. All players had completed strength-training programs in the past and were familiarized with the testing exercises. Once informed about the purpose, testing procedures and potential risks of the investigation, all subjects gave their voluntary written consent to participate. The present investigation was approved by the Research Ethics Committee of the Pablo de Olavide University, and conducted in accordance with the Declaration of Helsinki.

Procedures {#j_hukin-2016-0040_s_002_s_002}
----------

A cross-sectional experimental design was used to analyze the relationships between RSA performance and fitness indicators such as sprint and jump ability, leg strength, endurance and anthropometric variables. All the tests were completed at the end of the preseason (September) and were carried out on three consecutive weeks at least 48 hours after the most recent game. The tests were conducted at the same time of the day. During the first testing session, a battery of tests was performed in the following order: 1) 30 m running sprints; 2) countermovement vertical jumps (CMJs); 3) an RSA test. During the second testing session, the players completed a progressive isoinertial loading test in a full squat. The third session included the Yo-Yo Intermittent Recovery Test Level 1 (YYIRT-1), and the fourth one consisted of a 20 m shuttle run test (20mSRT). Anthropometric assessment was made during the familiarization sessions.

Measures {#j_hukin-2016-0040_s_002_s_003}
--------

### Anthropometric Dimensions {#j_hukin-2016-0040_s_002_s_003_s_001}

Height measurements were taken during maximal inspiration with precision of 0.5 cm using a stadiometer (Quirumed®, Valencia, Spain); BM was determined using a calibrated digital scale (Quirumed®, Valencia, Spain) with the subjects wearing only underwear; and skinfold thickness was measured at 6 sites (triceps, subscapular, supraespinale, abdominal, anterior thigh, and mid leg) using Holtain skinfold calipers (Holtain T/W Skinfold Caliper®, Dyfed, UK). All measurements were made in duplicate by the same trained operator. When the difference between the two measured values was less than 5%, the average value of both measurements was used for further analysis. When the difference exceeded 5%, we performed a third measure and the average value of the three measurements was used. The bone diameters (biepicondyle of the humerus and the bicondyle of the femur) were measured with a pachymeter (Holtain Bicondylar Caliper®, Dyfed, UK), and for muscle perimeters a measuring-tape (Harpenden Anthropometric Tape®, Holtain, Dyfed, UK) was used. The body fat percentage was estimated using the [@j_hukin-2016-0040_ref_042]) \[Percent Fat (%) = (tricipital + subscapular + suprailiac + abdominal + front thigh + medial calf skinfolds x 0.1051) + 2.585\]. Fat mass (FM) was calculated as BM · Percent Fat · 100^-1^, and lean body mass (LBM) was determined as BM -- FM ([@j_hukin-2016-0040_ref_024]). Muscular Mass (MM) was estimated using the [@j_hukin-2016-0040_ref_033]) equation\[MM (kg) = BM -- (FM + Bone Mass + Residual Mass)\]. Percent MM was calculated as MM · BM^-1^ · 100.

### Sprint test {#j_hukin-2016-0040_s_002_s_003_s_002}

The subjects had to sprint twice for 30 m indoors, with 3 minutes rest in-between. The starting position was standardized, with the starting line placed 1 m behind the first time gate. The photocell gates (Racetime2®, Microgate, Bolzano, Italy) were placed at the start and at 30 m. A standardized warm-up protocol was conducted before assessment. The subjects were required to perform the tests as fast as possible. The best performance was recorded for further analysis.

### Jump test {#j_hukin-2016-0040_s_002_s_003_s_003}

Five maximal CMJs, with one-minute rest in-between were performed. CMJ height was registered, the highest and lowest values were discarded, and the resulting average value was kept for analysis. Jump height was determined with an infrared timing system (Optojump®, Microgate, Bolzano, Italy).

### Repeated sprint ability test (RSA) {#j_hukin-2016-0040_s_002_s_003_s_004}

The RSA test consisted of six 40 m (20 + 20 m with 180^[0]{.ul}^ turns) shuttle sprints separated by 20 s of passive recovery. An adaptation of the test previously validated by [@j_hukin-2016-0040_ref_027]) was used, consisting in rounding a cone instead of touching a line with the foot. The players started from 1 m behind the starting line, sprinted for 20 m, rounded a cone and came back to the starting line as fast as possible. During the 20 s of passive recovery the subjects remained standing and they were alerted 5 seconds before the following sprint. The performance variables used were: the best maximal repeated shuttle sprint time (20 + 20 m) (as the players' reference performance) (RSA~best~), the single time of each of the six sprints (RSA~1~, RSA~2~, RSA~3~, RSA~4~, RSA~5~ and RSA~6~), the average time obtained from the six repeated sprints (RSA~mean~), and the percentage in a sprint decrease (%Dec) calculated according to the following formula: (RSA~mean~/RSA~best\ x~100) -- 100 ([@j_hukin-2016-0040_ref_036]). Sprint times were recorded using photocell gates (Microgate, Bolzano, Italy).

### Yo-Yo Intermittent Recovery Test Level 1 {#j_hukin-2016-0040_s_002_s_003_s_005}

This test consisted of 2 x 20 m shuttle runs at increasing speeds, with 10 s of active recovery in-between. The test was carried out indoors and the subjects were guided by a beep signal. The test ended when the subjects were no longer able to reach the finish line at the beep signal on two consecutive occasions. The total distance covered (m) was recorded as the final result of the test ([@j_hukin-2016-0040_ref_029]).

### 20 meter shuttle run test {#j_hukin-2016-0040_s_002_s_003_s_006}

This test required participants to run back and forth on a 20 m course, touching the 20 m line at the same time as the pre-recorded audio signals were emitted. The initial speed was 8.5 km·h^-1^ and increased by 0.5 km·h^-1^ each minute. The test finished when the participant could no longer follow the pace. The total distance covered (m) was recorded as the final result of the test ([@j_hukin-2016-0040_ref_030]). The test took place on an indoor court.

### Isoinertial progressive loading test {#j_hukin-2016-0040_s_002_s_003_s_007}

A Smith machine (Multipower Fitness Line®, Peroga, Murcia, Spain) was used for the isoinertial test. The players performed a full squat from an upright position, descending at a controlled velocity and getting up at maximal velocity. The initial load was set at 20 kg and was progressively increased by 10 kg up to the lifting velocity \<1 m·s^-1^ ([@j_hukin-2016-0040_ref_022]; [@j_hukin-2016-0040_ref_032]). The subjects performed 3 repetitions with each load, and the best repetition (fastest mean propulsive velocity) was considered for subsequent analysis ([@j_hukin-2016-0040_ref_037]). The inter-set recovery time was 4 min. The load that elicited a \~1.00 m·s^-1^ velocity relative to BM (V~1~-load) was used to assess strength performance. This load was chosen as it is considered a sufficiently high velocity that represents medium loads ([@j_hukin-2016-0040_ref_013]). Thus, it might represent the behavior of the force-velocity relationship. Furthermore, this load had been used as a reference to schedule a resistance training program ([@j_hukin-2016-0040_ref_001]) and to analyze the relationships between lower limb strength and RSA performance ([@j_hukin-2016-0040_ref_031]; [@j_hukin-2016-0040_ref_032]). The warm-up consisted of 5 min of joint mobilization exercises, followed by two sets of six repetitions (3 min rest) with 20 kg. A dynamic measurement system (T-Force System®, Ergotech, Murcia, Spain) was used to register velocity.

### Statistical Analysis {#j_hukin-2016-0040_s_002_s_004}

Data are expressed as mean ± standard deviation (SD). The distribution of each variable was verified by the Shapiro-Wilk normality test. Test-retest reliability was measured by the coefficient of variation (CV) and intraclass correlation coefficients (ICC, 95%CI), calculated with the one-way random effects model. Linear regression analysis with Pearson's coefficients (r) and 90% confidence intervals (90%CI) was used to calculate the relationships between the performance variables analyzed. A comparison was made between the best (n = 11) and the worst (n = 10) players in RSA~best~, %Dec, T~30~, and YYIRT-1 to analyze the influence of these variables on RSA performance. For this analysis, the median value of each variable was used for dividing the group into best and worst players. A factorial ANOVA with repeated measures with Bonferroni's *post-hoc* comparisons was used to compare the differences between groups in RSA~mean~ and in each single repeated-sprint. The level of statistical significance was set at *p* ≤ 0.05. In addition to null hypothesis testing, data were assessed for clinical significance using an approach based on the magnitude of change ([@j_hukin-2016-0040_ref_026]). The standardized differences between groups (ES, 90% confidence limit) were calculated using pooled SD. For between-groups comparison, the probabilities of greater (i.e., greater than the smallest worthwhile change \[0.2 x between subjects SD, based on the Cohen *d* principle\]), similar or smaller differences between the groups were calculated. Quantitative chances of better or poorer effect were assessed qualitatively as follows: \<1%, almost certainly not; 1 to 5%, very unlikely; 5 to 25%, unlikely; 25 to 75%, possibly; 75 to 95%, likely; 95 to 99%, very likely; and \<99%, almost certainly ([@j_hukin-2016-0040_ref_026]). If the chances of having better and poorer performances were both \>5%, the true difference was assessed as unclear ([@j_hukin-2016-0040_ref_026]). Inferential statistics based on interpretation of magnitude of effects were calculated using a purpose-built spreadsheet for the analysis of controlled trials ([@j_hukin-2016-0040_ref_025]). The rest of statistical analyses were performed using SPSS software version 18.0 (SPSS Inc.®, Chicago, IL).

Results {#j_hukin-2016-0040_s_003}
=======

The mean values and SD of the different variables assessed are shown in [Table 1](#j_hukin-2016-0040_tab_001){ref-type="table"}. Test-retest reliability for both T~30~and CMJ measured by the CV was 0.8% and 3.1%, respectively; while the ICC (95%CI) was 0.98 \[0.95-0.99\] and 0.98 \[0.96-0.99\], respectively.

###### 

Values in selected neuromuscular performance variables

  RSA~mean~ (s)   RSA~best~ (s)   %Dec (%)      T~30~ (s)     V~1~-load     CMJ (cm)
  --------------- --------------- ------------- ------------- ------------- -------------
  7.60 ± 0.17     7.36 ± 0.18     3.3 ± 1.5     4.27 ± 0.15   0.81 ± 0.14   33.6 ± 3.6
  RSA~1~ (s)      RSA~2~ (s)      RSA~3~ (s)    RSA~4~ (s)    RSA~5~ (s)    RSA~6~ (s)
  7.39 ± 0.18     7.44 ± 0.20     7.56 ± 0.20   7.65 ± 0.19   7.75 ± 0.23   7.80 ± 0.20
  YYIRT-1 (m)     20mSRT (m)                                                
  1558 ± 362      1981 ± 309                                                

Data are mean ± SD, n = 21 RSA~mean~: mean sprint time of the six sprints; RSA~best~: the best time of the six sprints %Dec: percent sprint decrement for the six sprints ~T30m~: 30 m sprint time; V~1~-load: the load which participants were able to elicit \~1.00 m·s^-1^ velocity relative to body mass; CMJ: countermovement jump height;RSA~1~: first sprint time of the six repeated sprints; RSA~2~: second sprint time of the six repeated sprints; RSA~3~: third sprint time of the six repeated sprints; RSA~4~: fourth sprint time of the six repeated sprints; RSA~5~: fifth sprint time of the six repeated sprints; RSA~6~: sixth sprint time of the six repeated sprints YYIRT-1: Yo-Yo Intermittent Recovery Test Level 1; 20mSRT: 20 meter Shuttle Run Test

RSA~mean~correlated significantly with RSA~best~(r = .82 \[.70, .94\], *p* \< .001) and with all single sprints (r = .71 to .92, *p* \< .001) of the RSA test. RSA~best~also correlated significantly with all single sprints (*p* \< 0.01 - 0.05), although it showed a downward trend as the number of sprints performed increased (from r = .87 \[.78; .96\] for RSA~1~ to r = .59 \[.35; .83\] for RSA~6~). No significant relationship was observed between the %Dec and any of RSA performance variables analyzed ([Table 2](#j_hukin-2016-0040_tab_002){ref-type="table"}).

###### 

Relationships (90% confidence intervals) between different variables of repeat sprint ability

                  RSA~best~                                                                  %Dec                RSA~1~                                                                     RSA~2~                                                                     RSA^3^                                                                     RSA^4^                                                                     RSA^5^                                                                     RSA^6^
  --------------- -------------------------------------------------------------------------- ------------------- -------------------------------------------------------------------------- -------------------------------------------------------------------------- -------------------------------------------------------------------------- -------------------------------------------------------------------------- -------------------------------------------------------------------------- --------------------------------------------------------------------------
  **RSA~mean~**   .82\[.70;.94\][^\*\*\*^](#j_hukin-2016-0040_fn_029){ref-type="table-fn"}   .21\[-.14;.56\]     .71\[.53;.89\][^\*\*\*^](#j_hukin-2016-0040_fn_030){ref-type="table-fn"}   .90\[.83;.97\][^\*\*\*^](#j_hukin-2016-0040_fn_031){ref-type="table-fn"}   .92\[.86;.98\][^\*\*\*^](#j_hukin-2016-0040_fn_032){ref-type="table-fn"}   .92\[.86;.98\][^\*\*\*^](#j_hukin-2016-0040_fn_033){ref-type="table-fn"}   .91\[.85;.97\][^\*\*\*^](#j_hukin-2016-0040_fn_034){ref-type="table-fn"}   .86\[.76;.96\][^\*\*\*^](#j_hukin-2016-0040_fn_035){ref-type="table-fn"}
  **RSA~best~**                                                                              -.38\[-.69;-.07\]   .87\[.78;.96\][^\*\*\*^](#j_hukin-2016-0040_fn_036){ref-type="table-fn"}   .87\[.78;.96\][^\*\*\*^](#j_hukin-2016-0040_fn_037){ref-type="table-fn"}   .67\[.47;.87\][^\*\*^](#j_hukin-2016-0040_fn_038){ref-type="table-fn"}     .69\[.50;.88\][^\*\*^](#j_hukin-2016-0040_fn_039){ref-type="table-fn"}     .62\[.39;.85\][^\*\*^](#j_hukin-2016-0040_fn_040){ref-type="table-fn"}     .59\[.35;.83\][^\*\*^](#j_hukin-2016-0040_fn_041){ref-type="table-fn"}
  **%Dec**                                                                                                       -.36\[-.68;-.04\]                                                          -.02\[-.39;.35\]                                                           .34\[.01;.67\]                                                             .31\[-.02;.64\]                                                            .40\[.09;.71\]                                                             .38\[.07;.69\]

RSA~mean~: mean sprint time of the six sprints; RSA~best~: the best time of the six sprints; %Dec: the percentage in a sprint decrement for the six sprints RSA~1~: first sprint time of the six repeated sprints; RSA~2~: second sprint time of the six repeated sprints; RSA~3~: third sprint time of the six repeated sprints; RSA~4~: fourth sprint time of the six repeated sprints; RSA~5~: fifth sprint time of the six repeated sprints; RSA~6~: sixth sprint time of the six repeated sprints

\*Denotes significance at p ≤ 0.05.

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.001, n = 21

Denotes significance at p ≤ 0.01.

Denotes significance at p ≤ 0.01.

Denotes significance at p ≤ 0.01.

Denotes significance at p ≤ 0.01.

RSA~mean~ showed significant relationships (*p* \< .05) with BM (r = .44 \[.14, .74\]) and FM (r = .59 \[.35, .83\]). FM and BM showed significant relationships with almost all repeated sprints. These relationships were higher as the number of sprints performed increased ([Table 3](#j_hukin-2016-0040_tab_003){ref-type="table"}). However, MM did not have a significant relationship with any of the RSA performance variables analyzed. A significant relationship was observed between RSA~mean~ and the CMJ (r = -.45 \[-.74; -.16\], *p* \< .05), whereas V~1~-load did not show a significant relationship with any of the different measures of RSA performance. The T~30~ showed significant correlations with all RSA variables except for the %Dec. In addition, the YYIRT-1 presented a significant relationship with RSA~mean~ (r = -.62 \[-.85; -.39\], *p* \< .05) and with almost all single sprints, with an upward trend as the number of sprints increased (from r = -.11 for RSA~1~ to r = -.70 for RSA~6~). The 20mSRT showed minimal or no relationships with RSA performance variables ([Table 3](#j_hukin-2016-0040_tab_003){ref-type="table"}).

###### 

Relationships (90% confidence intervals) between different RSA variables and endurance, acceleration, jump ability strength and anthropometry measures

                  BM                                                                       FM                                                                       MM                  V~1~-load           CMJ                                                                         T~30~                                                                    YYIRT-1                                                                                                                               20mSRT
  --------------- ------------------------------------------------------------------------ ------------------------------------------------------------------------ ------------------- ------------------- --------------------------------------------------------------------------- ------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------
  **RSA~mean~**   .44\[.14;.74\][^\*^](#j_hukin-2016-0040_fn_042){ref-type="table-fn"}     .59\[.35;.83\][^\*\*^](#j_hukin-2016-0040_fn_043){ref-type="table-fn"}   -.40\[-.71; .09\]   -.24\[-.59;.11\]    -.45\[-.74; .16\][^\*^](#j_hukin-2016-0040_fn_044){ref-type="table-fn"}     .66\[.45;.87\][^\*\*^](#j_hukin-2016-0040_fn_045){ref-type="table-fn"}   -.62\[-.85; .39\][^\*^](#j_hukin-2016-0040_fn_046){ref-type="table-fn"}                                                               -.39\[-.70; .08\]
  **RSAbest**     .24\[-.11;.59\]                                                          .30\[-.03;.63\]                                                          -.35\[-.67; .03\]   -.30\[-.63;.03\]    -.36\[-.68; .04\]                                                           .55\[.59;.81\][^\*^](#j_hukin-2016-0040_fn_047){ref-type="table-fn"}     -.40\[-.71; .09\]                                                                                                                     -.03\[-.40;.34\]
  **%Dec**        .30\[-.03;.63\]                                                          .42\[.12;.72\]                                                           -.05\[-.42;.32\]    -.12\[-.48;.24\]    -.11\[-.47;.25\]                                                            .13\[-.23;.49\]                                                          -.39\[-.70; .08\]                                                                                                                     -.56\[-.81; .31\][^\*^](#j_hukin-2016-0040_fn_048){ref-type="table-fn"}
  **RSA1**        .13\[-.23;.49\]                                                          .24\[-.11;.59\]                                                          -.43\[-.73; .13\]   -.21\[-.56;.14\]    -.37\[-.69; .05\]                                                           .48\[.20;.76\][^\*^](#j_hukin-2016-0040_fn_049){ref-type="table-fn"}     -.11\[-.47; .25\]                                                                                                                     .20\[-.15;.55\]
  **RSA2**        .37\[.05;.69\]                                                           .54\[.28;.80\][^\*^](#j_hukin-2016-0040_fn_050){ref-type="table-fn"}     -.32\[-.65;.01\]    -.34\[-.67; .01\]   -.55\[-.81; .29\][^\*\*^](#j_hukin-2016-0040_fn_051){ref-type="table-fn"}   .62\[.39;.85\][^\*\*^](#j_hukin-2016-0040_fn_052){ref-type="table-fn"}   -.54\[-.80; .28\][^\*^](#j_hukin-2016-0040_fn_053){ref-type="table-fn"}                                                               -.42\[-.72; .12\]
  **RSA3**        .30\[-.03;.63\]                                                          .45\[.16;.74\][^\*^](#j_hukin-2016-0040_fn_054){ref-type="table-fn"}     -.29\[-.63;.05\]    -.03\[-.40;.34\]    -.28\[-.62;.06\]                                                            .51\[.24;.78\][^\*^](#j_hukin-2016-0040_fn_055){ref-type="table-fn"}     -.53\[-.79; .27\][^\*^](#j_hukin-2016-0040_fn_056){ref-type="table-fn"}                                                               -.42\[-.72; .12\]
  **RSA4**        .45\[.16;.74\][^\*^](#j_hukin-2016-0040_fn_057){ref-type="table-fn"}     .55\[.29;.81\][^\*\*^](#j_hukin-2016-0040_fn_058){ref-type="table-fn"}   -.27\[-.61;.07\]    -.16\[-.52;.20\]    -.38\[-.69; .07\]                                                           .51\[.24;.78\][^\*^](#j_hukin-2016-0040_fn_059){ref-type="table-fn"}     -.60\[-.84; .36\][^\*\*^](#j_hukin-2016-0040_fn_060){ref-type="table-fn"}                                                             -.55\[-.81; .29\][^\*\*^](#j_hukin-2016-0040_fn_061){ref-type="table-fn"}
  **RSA5**        .44\[.14;.74\][^\*^](#j_hukin-2016-0040_fn_062){ref-type="table-fn"}     .63\[.41;.85\][^\*\*^](#j_hukin-2016-0040_fn_063){ref-type="table-fn"}   -.38\[-.69; .07\]   -.32\[-.65;.01\]    -.47\[-.76; .18\][^\*^](#j_hukin-2016-0040_fn_064){ref-type="table-fn"}     .61\[.38;.84\][^\*\*^](#j_hukin-2016-0040_fn_065){ref-type="table-fn"}   -.70\[-.89; .51\][^\*\*\*^](#j_hukin-2016-0040_fn_066){ref-type="table-fn"}[^\*\*^](#j_hukin-2016-0040_fn_999){ref-type="table-fn"}   -.42\[-.72; .12\]
  **RSA6**        .54\[.28;.80\][^\*\*^](#j_hukin-2016-0040_fn_067){ref-type="table-fn"}   .59\[.35;.83\][^\*\*^](#j_hukin-2016-0040_fn_068){ref-type="table-fn"}   -.39\[-.70; .08\]   -.11\[-.47;.25\]    -.26\[-.60;.08\]                                                            .66\[.45;.87\][^\*\*^](#j_hukin-2016-0040_fn_069){ref-type="table-fn"}   -.70\[-.89; .51\][^\*\*\*^](#j_hukin-2016-0040_fn_070){ref-type="table-fn"}[^\*\*^](#j_hukin-2016-0040_fn_086){ref-type="table-fn"}   -.44\[-.74; .14\][^\*^](#j_hukin-2016-0040_fn_071){ref-type="table-fn"}

RSA~mean~: mean sprint time of the six sprints; RSA~best~: the best time of the six sprints; %Dec: the percentage in a sprint decrement for the six sprints RSA~1~: first sprint time of the six repeated sprints; RSA~2~: second sprint time of the six repeated sprints; RSA~3~: third sprint time of the six repeated sprints; RSA~4~: fourth sprint time of the six repeated sprints; RSA~5~: fifth sprint time of the six repeated sprints; RSA~6~: sixth sprint time of the six repeated sprints BM: Body mass; FM: Percentage of fat mass; MM: Percentage of muscle mass ~V1~-load: the load which participants were able to elicit \~1.00 m·s^-1^ velocity relative to body mass; CMJ: countermovement jump height; T~30m~: 30 m sprint time YYIRT-1: Yo-Yo Intermittent Recovery Test Level 1; 20mSRT: 20 meter Shuttle Run Test

Denotes significance at p ≤ 0.05.

Denotes significance at p ≤ 0.01.

Denotes significance at p ≤ 0.05.

Denotes significance at p ≤ 0.01.
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The fastest players in RSA~best~ (7.22 ± 0.10 s) were significantly (*p* \< .001 - .05) faster in RSA~mean~ and in all single sprints than the slowest players (7.51 ± 0.09 s, [Figure 1A](#j_hukin-2016-0040_fig_001){ref-type="fig"}). The differences in RSA~mean~ and all single sprints were unclear in almost all RSA performance variables between best (2.2 ± 0.7%) and worst (4.6 ± 1.0%) players in the %Dec ([Figure 1B](#j_hukin-2016-0040_fig_001){ref-type="fig"}). The fastest players in the T~30~ (4.16 ± 0.08 s) were significantly (*p* \< .05 -- .01) faster in RSA~mean~ and in all single sprints than the slowest players in the T~30~ (4.40 ± 0.07 s, [Figure 1C](#j_hukin-2016-0040_fig_001){ref-type="fig"}). The players with greater YYIRT-1 performance (1835 ± 235 m) showed greater (*p* \< .05 - .01) performance in both RSA~mean~ and almost all single sprints than players with lower YYIRT-1 performance (1264 ± 174 m, [Figure 1D](#j_hukin-2016-0040_fig_001){ref-type="fig"}).

![Differences (90% confidence intervals) in RSA performance between the best (n = 11) and the worst (n = 10) players in the best sprint time in the RSA test (RSA~best~), percent sprint decrement in the RSA test (%Dec), 30 m sprint time (T~30~), and Yo-Yo Intermittent Recovery Test Level 1 (YYIRT-1). RSA performance was determined by the mean sprint time of the six sprints (RSA~mean~) and the single time of each of the six sprints (RSA~1~, RSA~2~, RSA~3~, RSA~4~, RSA~5~, and RSA~6~). Shaded areas represent trivial differences.](j_hukin-2016-0040_fig_001){#j_hukin-2016-0040_fig_001}

Discussion {#j_hukin-2016-0040_s_004}
==========

The main findings of the present study were that 1) RSA performance, determined by RSA~mean~ and each single sprint, was greatly related to RSA~best~, and this association decreased as the number of sprints performed increased (from r = .87 for RSA~1~ to r = .59 for RSA~6~); 2) BM and adiposity seemed to negatively influence RSA~mean~, enhancing this association when increasing the number of repeated sprints; 3) strength performance in a full squat was not a predictor of RSA performance while jumping and maximal sprinting speed seemed to positively influence RSA performance; and 4) the intermittent endurance test (YYIRT-1) showed a greater correlation with RSA performance than the continuous endurance test (20mSRT). According to the results of this study, a better performance in both straight or shuttle sprints (T30 and RSA~best~) and intermittent endurance test (YYIRT-1), as well as low levels of adiposity might contribute to RSA performance.

The results of the present study suggest that RSAmean has common factors with the CMJ (r = -.45) and maximal sprint speed (r = .66), whereas muscle strength assessed by full squat exercise, does not show any correlation with RSA performance. In line with our results, two studies have observed significant relationships (r = .63 to .75, p \< 0.05) between maximal sprint speed and RSA~mean~ ([@j_hukin-2016-0040_ref_016]; [@j_hukin-2016-0040_ref_028]), whereas a vertical jump has shown a lower relationship (r = -.35 to -.74) with RSA~mean~ ([@j_hukin-2016-0040_ref_038]; [@j_hukin-2016-0040_ref_039]); however, these studies used basketball players, which might hamper the comparisons between the obtained results. Maximal sprint speed was expected to have a greater effect on RSA performance than jumping height, as both tests require the same ability (running sprint). The impact of maximal sprinting speed on RSA~mean~is likely to be dependent on the RSA protocol ([@j_hukin-2016-0040_ref_010]); nonetheless, our results suggest that both coaches and conditioning professionals should try to attain high levels of acceleration and maximal sprint speed in the development of RSA among soccer players.

The relationship between endurance capacity and RSA performance has been previously widely studied ([@j_hukin-2016-0040_ref_003]; Castagna et al., 2007; [@j_hukin-2016-0040_ref_019], [@j_hukin-2016-0040_ref_018]); however, to our knowledge, no previous studies have focused on the association between intermittent vs. continuous endurance tests and RSA performance. Regarding the endurance tests performed, the YYIRT-1 showed a significant relationship with RSA~mean~, whereas the 20mSRT did not show any significant relationship with RSA~mean~ ([Table 3](#j_hukin-2016-0040_tab_003){ref-type="table"}). The greater relationships observed between YYIRT-1 and RSA performance would suggest that the intermittent endurance test might be a more specific test, and has more influence on the ability to repeat sprints. Recently, [@j_hukin-2016-0040_ref_020]) also showed similar relationships between endurance performance (YoYo test) and RSA~mean~ (r = -.71). On the other hand, YYIRT-1 and RSA performance tended to show enhanced relationships as the number of sprints increased (from r = -.11 for RSA~1~to r = -.70 for RSA~6~). [@j_hukin-2016-0040_ref_032]) observed that performance in the first sprints was mainly explained by soccer player's strength and sprint capacity; in contrast, when the number of sprints increased, the performance was more related to endurance. Consequently, our results suggest that the ability to perform endurance intermittent efforts is a key factor to attain greater RSA performance, increasing with sprint repetitions.

With regard to anthropometry, MM showed a non-significant moderate relationship with RSA~mean~(r = -.40), whereas FM showed a potential negative influence on RSA~mean~ (r = .44, p \< .05) and almost all single sprints ([Table 3](#j_hukin-2016-0040_tab_003){ref-type="table"}). This finding means that subjects with higher FM needed longer time to complete the RSA test, and vice versa. In this line, [@j_hukin-2016-0040_ref_010]) showed that changes in RSA~mean~ were correlated with changes in the sum of 7 skinfolds, but this relationship was not observed for RSA~best~, which could mean that the negative effect of adiposity on RSA performance might increase along with sprint repetitions. Likewise, [@j_hukin-2016-0040_ref_009]) observed that the subjects with a higher muscle index and muscular cross-sectional areas exhibited greater RSA~mean~ performance (r = .53); inversely, soccer players with a lower adipose index had greater performance during the RSA test (r = -.33). Therefore, in support of the previous authors, we suggest that the higher FM would be expected to place an additional mechanical load; additionally, a new finding is that this association increases with sprint repetitions (from r = .24 for RSA~1~ to r = .59 for RSA~6~).

The results of the current study suggest that RSA~mean~ is related to RSA~best~ (r = .82) and all single repeated sprints (r = .71 to .92; [Table 2](#j_hukin-2016-0040_tab_002){ref-type="table"}). This finding is in line with previous studies ([@j_hukin-2016-0040_ref_014]; [@j_hukin-2016-0040_ref_018]; [@j_hukin-2016-0040_ref_020]), whereas other authors did not observe any significant correlation between these two variables ([@j_hukin-2016-0040_ref_019]; [@j_hukin-2016-0040_ref_032]). In these two studies, significant relationships between the %Dec and RSA~mean~ (r = .55 to .71) were observed ([@j_hukin-2016-0040_ref_019]; [@j_hukin-2016-0040_ref_032]). However, in the present study, the %Dec did not show a significant relationship with RSA~mean~ (r = .21). These differences might be explained by a greater number of sprints and active recovery performed in those studies ([@j_hukin-2016-0040_ref_019]; [@j_hukin-2016-0040_ref_032]). This fact might have induced a greater sprint decrease in those studies ([@j_hukin-2016-0040_ref_019]; [@j_hukin-2016-0040_ref_032]) than the %Dec reported in the present study (5.8 - 8.6% vs. 3.3%, respectively); and, therefore, a lower relationship between RSA~best~ and RSA~mean~. On the other hand, this study shows significant correlations between RSA~best~ and all single repeated sprints, and that this correlation decreases as the number of sprints performed increases (from r = .87 for RSA~1~ to r = .59 for RSA~6~). These findings are in accordance with those of [@j_hukin-2016-0040_ref_032]) who reported an almost perfect correlation (r = .93) between RSA~best~ and the mean of the first three sprints, although this relationship disappeared for the subsequent sprints. These results also show that the performance in the first sprints is strongly associated with the maximal sprint capacity. By contrast, when the number of repeated sprints increases, the performance might be explained by other factors such as intermittent endurance capacity. This was shown in the present study by the enhancement in the magnitude of the relationships between the YYIRT-1 and sprint time as the number of sprints increased (from r = -.11 for RSA~1~ to r = -.70 for RSA~6~).

Typically, three variables have been used to describe the performance in RSA (RSA~mean~, RSAb~est~, and %Dec). Although the %Dec has been considered the most valid and reliable method to quantify fatigue in tests of RSA, it has shown inconsistent test-retest reliability ([@j_hukin-2016-0040_ref_021]). Some authors ([@j_hukin-2016-0040_ref_007]) suggest that the RSA performance is better described by the RSA~mean~, with or without a low %Dec. Our findings reinforce this hypothesis, since when the subjects were divided according to their performance in different tests, the players that attained greater performance in a straight or shuttle sprint (RSA~best~ and T30) and in intermittent endurance capacity (YYIRT-1) achieved greater RSA performance ([Figure 1](#j_hukin-2016-0040_fig_001){ref-type="fig"}). However, the players who had a less %Dec (2.2 ± 0.7%) did not achieve greater performance neither in RSA~mean~ nor in any of the single sprints compared to players who performed a greater %Dec (4.6 ± 1.0%) ([Figure 1](#j_hukin-2016-0040_fig_001){ref-type="fig"}). Furthermore, players who experienced a greater %Dec showed likely (87/10/3%) greater performance in RSA~1~ than those who got a less %Dec. Thus, the %Dec should be interpreted cautiously, since a smaller %Dec may be associated with smaller amounts of work performed during the initial sprints ([@j_hukin-2016-0040_ref_023]). Consequently, RSA~mean~ and single repeated-sprint times should be used in order to determine RSA performance.

As limitation, we could not perform a direct assessment of maximal oxygen uptake, as well as the fat mass and muscle mass using technology such as Dual Energy X-ray Absorptiometry (DEXA). Furthermore, correlations do not necessarily imply cause and effect. Therefore, the interpretation of the possible mechanisms that result in performance enhancement should be cautious.

In conclusion, the performance in the first sprints during an RSA test is mainly explained by the maximal sprint capacity. However, when the number of repeated sprints increases the performance should be explained by other factors such as intermittent endurance capacity and adiposity levels. The results of the present study can contribute to raising awareness about determinant factors of RSA. These findings have important practical implications for coaches and conditioning professionals, who should aim at high levels of maximal sprint speed in the development of RSA in soccer players, since maximal sprint speed seems to explain the performance in the first repeated sprints. On the other hand, high levels of intermittent endurance capacity and low adiposity levels have a significant impact on RSA performance when the number of sprints increases.
